Oxidative stress is involved in many neurodegenerative diseases. Chronic ozone exposure causes a secondary increase of reactive oxygen species, which cause an oxidative stress state in the organism. Ozone is one of the main components of photochemical pollution. Our purpose was to test that oxidative stress caused by chronic low doses of ozone, by itself, alters adult neurogenesis and causes progressive neurodegeneration in the hippocampus, which actions lead to the loss of brain plasticity in the mature central nervous system of rats. Animals were exposed to an ozone-free air stream and for 15, 30, 60, and 90 days to low doses of ozone to cause oxidative stress. Each group was then tested by (1) a spectrophotometer test to quantify lipid peroxidation (LPO) levels; (2) immunohistochemistry testing against doublecortin, Neu-N, p53, microglia, and glial fibrillary acidic protein; (3) Western blot tests for doublecortin and Neu-N; and (4) a one-trial passive avoidance test. Our results indicated that ozone causes an increase of LPO levels, morphological changes in the nucleus and the cytoplasm, and cell swelling in neurons. The Western blot shows a decrease for Neu-N and doublecortin. Activated and later phagocytic microglia and an increased number of astrocytes were found. There was a memory deficiency positively related to the amount of ozone exposure. These alterations suggest that oxidative stress caused by low doses of ozone causes dysregulation of inflammatory processes, progressive neurodegeneration, chronic loss of brain repair in the hippocampus, and brain plasticity changes in the rat analogous to those seen in Alzheimer's disease.
Neurogenesis is a process that includes generation of neurons and their integration into existing circuits (Bischofberger, 2007; Gross, 2000) . Neurogenesis can be regulated by intrinsic (genetic, hormones, growth factors, and neurotransmitters) (Earnheart et al., 2007; Kempermann et al., 1998) and extrinsic (behavior, drugs, stress, and pathological states) factors (Scharfma and Hen, 2007; Thomas et al., 2007) . Adult neurogenesis represents an example of brain plasticity (Fuchs and Gould, 2000; Gage, 2002) . Memory loss is associated with neurogenesis alteration (Prickaerts et al., 2004) . In the adult dentate gyrus of the hippocampus, there is a population of neurons that are generated from the putative stem cells (Rodriguez et al., 2008) . They are differentiated into neurons in the granular layer, and this process continues throughout the adult life (Cameron et al., 1995) . After birth, the central nervous system (CNS) reaches a stable state required to maintain the equilibrium of the complex network of the brain tissue (Gross, 2000; Kempermann, 2002; Kempermann et al., 1998) .
Because of the multiple damage-response pathways in the CNS regulated by the redox state, oxidative stress plays a major role in neuronal death caused by severe vulnerability of the brain to a lost oxidation-reduction balance (Nixon and Crews, 2002) . This oxidation-reduction balance is necessary to maintain the brain repair ability. It is not yet clear how redox signals regulate the neurogenesis processes. However, the generation of new neurons is a key process to preserve brain plasticity (Fuchs and Gould, 2000; Gage, 2002) .
In the pathophysiology of neurodegenerative diseases, such as Parkinson's and Alzheimer's diseases (Grote and Hannan, 2007) , and also in other pathologies, such as ischemic processes and stroke, a state of oxidative stress accompanied by the alteration of neurogenesis has been involved (Wiltrout et al., 2007) . Other evidence has shown that oxidative damage associated with the normal aging process causes alteration of the hippocampal function and cognitive deficits characterized by impairment in the performance of daily activities. The most common clinical feature is memory loss (Cimadevilla et al., 2007; Kempermann, 2002) .
Ozone is a main component of air pollution in the large cities in the world. It is the result of photochemical pollution in the lowest layers of the atmosphere. We developed a noninvasive model of the state of oxidative stress by using chronic exposure of animals to low doses of ozone similar to a day of high pollution in México City. The total daily doses of ozone that the animals received in this experiment was 1 ppm and the daily average was 0.041 ppm. The total daily ozone levels average in México City was 0.74 ppm in the first 6 months of 2009 and greater than 1 ppm during 32 days in this period (Secretaría del Medio Ambiente, Gobierno del Distrito Federal. Sistema de Monitoreo Atmosférico de la Ciudad de México [SIMAT] . [http://www.sma.df.gob.mx/ simat2/]) (See Supplementary Data). Previously, we had demonstrated that ozone exposure causes oxidative damage and cellular death (Pereyra-Muñoz et al., 2006) . Acute ozone exposure in rats causes mitochondrial and endoplasmic reticulum edema, apoptosis, and alteration of memory and learning.
Damage caused by ozone exposure depends on the dose because inhaled ozone causes an increase of the reactive species in the organism. When the ozone level overwhelms, the antioxidant defense systems in the lung, reactive oxygen species (ROS) can then reach the CNS through the bloodstream, causing oxidative stress (Dorado et al., 2001) and damage in dopaminergic neurons of the substantia nigra in the animals exposed to ozone for 1 or 2 months Pereyra-Muñoz et al., 2006) . Oxidative stress increases lipid peroxidation (LPO) in different brain structures (Rivas-Arancibia et al., 1998) (Fig. 1) .
Our objective was to determine if oxidative stress per se (produced by repetitive and low-dose ozone exposure) was able to cause progressive damage in the hippocampus and alter adult neurogenesis in a neurodegenerative process.
MATERIALS AND METHODS
General procedure. Animal care and handling were done in accordance with the National Institutes of Health guidelines for animal treatment. One hundred and ten male Wistar rats weighing 250-300 g were individually housed in acrylic boxes with free access to water and food (Purina, Minnetonka, MN) and kept in a clear air room. They were randomly divided into five experimental groups (n ¼ 22 each): group 1 exposed to an air stream free of ozone during 30 days, group 2 exposed for 15 days to ozone, group 3 exposed for 30 days to ozone, group 4 exposed for 60 days to ozone, and group 5 exposed for 90 days to ozone. Ozone exposure was done daily for 4 h with a dose of 0.25 ppm. Immediately after the exposure to ozone, animals were returned to their home cages. Two hours after the last air or ozone exposure, passive avoidance training of 10 rats per group was followed by measurements of short-term memory (10 min) and long-term memory (24 h) to measure and analyze brain neuroplasticity. The remaining 12 rats of each group were then tested using (1) the spectrophotometer test to quantify LPO levels; (2) immunohistochemistry for doublecortin and to study neurogenesis, Neu-N to study neuronal alterations, p53 to study cell death, ionized calcium-binding adaptor molecule 1 (Iba-1) to study microglial changes, and glial fibrillary acidic protein (GFAP) to study astrocytic alterations in the hippocampus; and (3) Western blot testing to study protein expression for doublecortin and Neu-N. Six animals from each group were randomly chosen, killed by decapitation, and the hippocampi dissected and processed for quantification of LPO levels and Western blot techniques. The remaining six animals from each group were anesthetized with sodium pentobarbital (50 mg/kg ip) and intracardially perfused with 4% paraformaldehyde (Sigma-Aldrich, St Louis, MO). In 0.1M phosphate buffer (PB) pH 7.4 (Tecsiquim, México), the brains were postfixed with 10% formaldehyde for 24 h and embedded in paraffin (Merck, Darmstadt, Germany). Sagittal brain slices containing the hippocampus of these animals were cut at 5 lm on a microtome, mounted on slides, and processed for immunohistochemistry.
Ozone exposure. Animals were put daily, for 4 h, inside a chamber with a diffuser connected to a variable-flux ozone generator (5 l/s). The procedure used has been described elsewhere (Pereyra-Muñoz et al., 2006; RivasArancibia et al., 1998) . The air feeding the ozone converter was filtered purified air. Ozone production levels were proportional to the current intensity and to the airflow. A PCI Ozone & Control System Monitor (PCI Ozone & Control Systems, West Caldwell, NJ) was used to measure the ozone concentration inside the chamber during the experiment and to keep the ozone concentration constant.
Air exposure. The same chamber was used for treating the control group where a flow of ozone-free purified air was used.
Tissue samples. Six animals of each group randomly chosen were killed by decapitation after the completion of the treatments. Their brains were removed and the hippocampi dissected out on an ice-cold plate. The tissue was weighed immediately and stored at À70°C until the day of the assays. Half of the samples from each animal were then used for LPO analysis and the other half were used for Western blotting.
LPO analysis. LPO levels were quantified using a K-ASSAY LPO Kit (Kamiya Biomedical Co., Seattle, WA). Tissue samples were homogenized in PBS, pH 7.4, 1:10 and centrifuged. The supernatant was removed and the enzyme reagent (ascorbic oxidase and lipoprotein lipase) was added. The mixture was incubated for 5 min at 30°C and the chromogen reagent (10-N-methylcarbamoyl-3,7-dimethylamino-10 H-phenothiazine, MCDP) was added. The resulting mixture was incubated for 10 min at 30°C. The absorbance was then measured at 675 nm in a spectrophotometer. A two-point calibration curve was made using the saline blank (0 nmol/ml) and the 50 nmol/ ml cumene hydroperoxidase standard provided with the kit.
The results were then calculated using the equation, whose linear range for this assay is between 2.0 and 300 nmol/ml LPO½nmol=ml ¼ ½ðEs À EbÞ 3 50:0=Estd À Eb;
where Es is the sample absorbance, Eb is the blank absorbance, and Estd is the absorbance of the 50 nmol/ml standard.
Immunohistochemistry techniques. The remaining six animals from each group were anesthetized with sodium pentobarbital (50 mg/kg ip; Sedalpharma, Edo. de México, México) and perfused transcardially with 4% paraformaldehyde (Sigma-Aldrich Chemie, Germany) in 0.1M PB (PB; Tecsiquim, México; pH 7.4) (J.T. Baker, Phillipsburg, NJ). The brains were postfixed with 10% formaldehyde (J.T. Baker) for 24 h and embedded in paraffin (Mc Cormick, St Louis, MO) . Sagittal slices of the brain containing the hippocampus were cut at 5 lm on a microtome (American Optica) and mounted on slides. The immunohistochemistry for doublecortin, Neu-N, p53, microglia, and GFAP was done as follows: Slices of each brain containing the hippocampus had the paraffin removed, treated with heat-retrieval solution (Biocare Medical, Concord, CA), and put into an electric pressure cooker (Decloaking Chamber; Biocare Medical) for 5 min. After being washed with distilled water and treated with hydrogen peroxide (J.T. Baker) (diluted 1:5) for 5 min, the slices were rinsed again and treated with a blocking reagent (Background Sniper; Biocare Medical) for 10 min. They were washed with PBS (Merck), pH 7.4, and incubated overnight at 4°C with anti-doublecortin (purified polyclonal goat antibody, diluted 1:50; Santa Cruz Biotechnology, Santa Cruz, CA), Neu-N (purified monoclonal mouse antibody, diluted 1:100; Chemicon, Temecula, CA), p53 (purified polyclonal rabbit antibody, diluted 1:200; Biocare), Iba-1 (purified polyclonal goat antibody, diluted 1:300; Biocare), or GFAP (purified monoclonal mouse antibody, diluted 1:200; Biocare). Sections were rinsed with PBS and treated with a secondary antibody using Trekkie Universal Link (Starr Trek Universal HRP Detection; Biocare Medical) for 1 h. The sections were later washed with PBS and then treated with Trekavidin-HRP Label (Starr Trek Universal HRP Detection; Biocare Medical) for 30 min. The bound antibody was visualized using 3,3-diaminobenzidine (DAB Substrate Kit; ScyTek, Logan, UT) as the chromogen. The slices were washed with distilled water and contrasted with hematoxylin buffer solution (ScyTek, Concord, CA.). Representative brain slices from each group were processed in parallel. After coverslipping with Entellan (F/550ml; Merck), the slices were examined with a Olympus BX41 Microscope (Olympus, Japan) and photographed (Evolution VF-F-CLR-12, Media Cybernetics camera; Bethesda, MD).
Number of neurons in the hippocampus. Six animals from each experimental group were analyzed. The whole number of neurons in the dentate gyrus of the hippocampus was counted using six representative brain sections from each animal from each group for each histological technique. Microscope fields in each slice were analyzed (each microscope field had an area of 30,000 lm 2 and were 5-lm thick), all in the same locations and at 340 magnification. The number of neurons per microscope field was counted, and the mean neuronal density was calculated.
Western blot technique. The corresponding samples were used to do the Western blot analyses for doublecortin and Neu-N protein levels. The tissue was homogenized, centrifuged, the protein separated with SDS-polyacrylamide gel electrophoresis (10%) (Sigma-Aldrich), and transferred to nitrocellulose membranes (Sigma-Aldrich). The membranes containing the samples of different rat groups were blocked with 5% skimmed milk in tris buffer solution (TBS-T) with 0.01% Tween 20 (TBS-T) (Sigma-Aldrich) for 2 h at 37°C and incubated overnight individually with the same antibodies used for the immunohistochemistry under gentle shaking at 4°C (Brinkmann OrbiMix 110, Brikmann, Germany). Membranes were rinsed three times with TBS-T, incubated with goat anti-rabbit IgG (Vector, Burlingame, CA) conjugated to horseradish peroxidase (1:10,000) (sc-2004 Biotechnology, Santa Cruz, CA) for 1 h, and then rinsed three times with TBS-T. Recognized bands were visualized by chemiluminescence (ECL; General Electric, Santa Clara, CA).
Passive avoidance test. Two hours after the last ozone exposure, all groups were trained in one-trial passive avoidance conditioning and tested for short-term and long-term memory (10 min and 24 h after training, respectively). Training was done in a conditioning chamber with two compartments of the same size (30 3 30 3 30 cm) separated by a guillotine-type door. The floor of the safe compartment was a grid made of aluminum bars (0.5 cm in diameter) separated 1.5 cm center to center. The floor and the walls of the shocking compartment were made of stainless steel. Each wall was continuous with half the floor, and each half floor was separated by a 1-cm slot. The floor was connected to a constant current unit (Mod. PSIU6; Grass) fed by a Grass stimulator (Mod. S48, Grass Technologies), which delivered 50 square pulses per second, at 1.5-mA intensity and a 5-ms duration for 5 s. The duration of the stimulus was automatically monitored, and latencies were manually measured with chronometers.
During training (acquisition), each animal was placed in the safe compartment for 10 s. Then, the sliding door was lifted, and the time required 
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for the animal to cross the threshold of the shocking compartment was recorded (acquisition latency). If an animal required more than 100 s to cross to the other side, it was dropped from the experiment and substituted with another rat exposed to the same conditions. Once the animal crossed with all four paws into the next compartment, the door was closed and a 3-mA foot shock was delivered for 5 s. Then, the door was opened, and the time required for the animal to return to the safe compartment was measured (escape latency). The animal remained there for 30 s before being returned to its individual housing. Both 10 min (short-term memory) and 24 h (long-term memory) after this training procedure, a retention test was performed. The animal was again placed in the safety compartment for 10 s, the door was opened, and the time that the animal remained in the safety compartment before entering the shock compartment was recorded (retention latency). The test session ended when the animal either entered the shock compartment or remained in the safe compartment for 600 s. Experiments were made at the same time of the day and under identical conditions; thus, results of all groups are comparable.
Statistics. LPO levels were expressed as medians and analyzed using the nonparametric Kruskal-Wallis and Mann-Whitney U-tests. The cell number is expressed as the mean number of neurons per field for each treatment. Statistical analysis of the cell number showed a significant variance homogeneity and normality. Thus, the parametric one-way ANOVA test and Schaffer's test were used to statistically assess the cell number. The significance level used in this study was p < 0.05.
RESULTS

Lipid Peroxidation
The LPO levels of the hippocampus increased progressively with the time of exposure. The Kruskal-Wallis test showed significant differences in LPO levels among groups (p < 0.001). The Mann-Whitney U-test showed significant differences in ozone-exposed groups for 15 days (10.2 ± 3 nmol/ml) (p < 0.002), 30 days (11.6 nmol/ml) (p < 0.001), 60 days (17 ± 3 nmol/ml) (p < 0.002), and 90 days (19 ± 3 nmol/ml) (p < 0.002) compared to the control group (3.18 ± 1.14 nmol/ml). There were also significant differences between the 15-day group and the 60-and 90-day groups (p < 0.05) and between the 30-day group and the 60-and 90-day groups (p < 0.05) (Fig. 2) .
Immunohistochemistry
Doublecortin-immunoreactive cells showed positive progressive damage to the time of exposure to ozone. The cell numbers increase at 30 days and decrease at 60 and 90 days in the ozone-exposed group. Significant differences were found using an ANOVA test (p < 0.005). Differences within a group were measured when comparing groups of 30-day (p < 0.03), 60-day (p < 0.003), and 90-day (p < 0.001) exposure against the control group for doublecortin-positive cell numbers. Changes in cell numbers are found as a function of time of ozone exposure (Fig. 3a) . Immuno western blot against doublecortin shows an increase of the protein at 30 days and a decrease of doublecortin at 60 and 90 days of ozone exposure (Fig. 3b) . A significant statistical difference was obtained by comparing the number of immunoreactive cells to the antibody against doublecortin by different treatments. In brain slices, we found no significant differences comparing 15 days of ozone exposure group (12 ± 5 cells) with the control group (13 ± 5 cells). A significant increase was found at 30 days (16 ± 3 cells), whereas at 60 and 90 days, the number of immunoreactive cells were significantly decreased compared to the number found in control groups (9 ± 3 cells, 60 days 
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and 4 ± 3 cells, 90 days) p < 0.001 The decrease in 60-and 90-day groups compared with the 30-day group were significant p < 0.03 (Fig. 3c) .
Neu-N-immunoreactive cells showed that daily ozone exposure caused a progressive decrease in the number of immunoreactive cells against anti-Neu-N. Analyzing the number of immunoreactive cells against anti-Neu-N with an ANOVA test, a significant difference was found (p < 0.05) (Fig. 4a) . Immuno western blot showed a protein decrease with time of the ozone exposure (Fig. 4b) . As can be observed in the Fig. 4c , although the number of immunoreactive cells starts to decline progressively starting at 30 days of ozone treatment, the decrease was significant only at 90 days of exposure (100 ± 3 cells in the control group and 82 ± 3 cells at 90 days) p < 0.05.
p53-immunoreactive cells showed that in all ozone treatments, the number of immunoreactive cells against p53 that has translocated into the nucleus was significantly greater by comparing them with the number in the control group. For the number of immunoreactive cells against p53 translocated into the nucleus, we found a significant difference when comparing all the different treatments (p < 0.05). At 15 and 30 days, the number of immunoreactive cells increased significantly (7 ± 3 cells and 9 ± 3 cells). Even though that the number of neurons decrease, translocation of p53 into the nucleus increases in the neurons that survive (Fig. 5) . Microglial immunoreactivity results showed that chronic oxidative stress causes phenotypical changes in microglia. The phenotypical changes that are observed allow us to detect a decrease of the resting microglia starting in the 15-day group (p < 0.05). There is an increase in the activated and phagocytic microglia cells at 15, 30, 60, and 90 days of treatment compared to the control group (*p < 0.01) (Fig. 6) .
GFAP-immunoreactive cells showed that the number of immunoreactive cells against GFAP increased progressively after 15 days of ozone exposure. Figure 7 illustrates that at 15 days, the number of immunoreactive cells has increased (20 ± 2 cells in control groups against 30 ± 2 cells at 15 days) (p < 0.004), at 30 days 32 ± 1 cells (p < 0.006), at 60 days (p < 0.005) 34 ± 2 cells, and at 90 days 36 ± 2 cells (p < 0.002).
The passive avoidance test showed that in the short-and long-term memory, there is a progressive decrease in the periods of retention after 15 days of the ozone exposure. No significant differences were found in the acquisition and escape latencies. In Figures 8A and 8B are shown the results in the short-and long-term memory tests. By comparing the different treatments, the differences obtained were significant (ANOVA, p < 0.05). At 15 days, a significant difference in the short-term memory was found (398 ± 3 s). The value continued decreasing to 100 ± 3 s found at 90 days. The long-term memory followed the same pattern. At 15 days, the difference compared to the control groups is already significant (560 ± 3 s in control groups and 320 ± 3 s at 15 days). At 90 days, we recorded the minimum value (98 ± 3 s) (Fig. 8) .
DISCUSSION
Previous results have shown that ozone exposure per se causes oxidative stress, as shown by an increase in LPO levels in different brain structures (Pereyra-Muñoz et al., 2006; Rivas-Arancibia et al., 1998) . The results of our study showed an increase in LPO levels, which indicates a current state of oxidative stress. These levels increased progressively as a function of the time animals were exposed to ozone (Fig. 2) . This lost oxidation-reduction balance leads to progressive damage and cellular death in the hippocampus, which damage depends on the time of ozone exposure (Figs. 4 and 5) .
These results further show that neurogenesis alteration in the dentate gyrus of the hippocampus (Fig. 3) is related to the increased state of oxidative stress. An increase in the number of neuroblasts in the group exposed to ozone for 30 days was measured compared to the control group. However, a decrease in the groups exposed for 60 and 90 days was measured. 
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Though neurogenesis increases at 30 days, we observed that the neuroblasts showed morphologic alterations, such as increased size and the cellular debris of neuroblasts. Large cell-body size and neuroblast loss are seen at 90 days (Fig. 3A) . If we consider neurogenesis as a repairing of the brain mechanisms (Lie, 2004; Wiltrout et al., 2007) , then this process could be modulated by reactive species because between 15 and 30 days of ozone exposure an increase of the doublecortin immunoreactivity is present. This could be an important mechanism to understand the brain-repairing processes in which the damage involves an inflammatory process and neuronal death causing the formation of ROS and reactive nitrogen species. These species could be a signaling pathway to activate neurogenesis processes when the damage is acute and limited. However, when the oxidative stress increases, the new neurons cannot survive (Pereyra-Muñoz et al., 2006) . Possibly, the same could be happening during the physiopathology process of neurodegenerative diseases that involve chronic oxidative stress states (Crews and Nixon, 2009) .
As the time of exposure to ozone increases, the number of neurons decreases progressively, whereas the number of p53-immunoreactive cells increases for 30 days (Fig. 5) . The ROS cause nuclear factors that control the expression of genes that protect and repair the damage to the DNA, like p53. This can act on the cellular cycle to repair the DNA or to initiate apoptosis if the cell is damaged (Valko et al., 2007) .
The number of cells in which p53 has translocated to the nucleus increases until 30 days. Immunoreactive cells are located in the most internal part of the granular layer in the dentate gyrus in the same zone in which the neuroblasts are located. These results indicate that a chronic oxidative stress state per se causes oxidative damage and progressive cell death and that neurogenesis is blocked as seen in neurodegenerative diseases.
Another factor to consider in the neurodegenerative process is associated with changes in microglia (Fig. 6) . The results show activated and phagocytic microglias from day 15 increasing at 30, 60, and 90 days of exposure to ozone. It is possible that the oxidative stress per se is able to cause phenotypical changes in the microglia as shown in this experiment. Microglial changes are involved in this neurodegenerative process that modify neurogenesis, and microglia phenotype changes are part of the inflammatory response.
The microglia measures changes in the local environment with receptors that recognize stereotypic proteins or antigens produced by pathogen agents and those released from tissues after damage or stress. Those receptors recruit adaptor proteins in the immune response of cellular survival (Ramanan et al., 2008) . However, there is evidence that the increase of ROS (as shown in this experiment) causes the activation of kinases, which stimulate the phosphorylation of the inhibitory-kappa B (IjB) and with this, the activation of NF-jB, increasing the cytokine transcription (Bowie and O'Neill, 2000; Maccioni et al., 2009) . Furthermore, oxidized metabolites of nitric oxide activate this pathway in microglial cells contributing to the transition from a resting state to an activated one (Drew et al., 2006) (Fig. 7) . Microglial changes coincide with an increase of the LPO level, morphologic alterations in neuroblasts, and p53 translocation to the nuclei. The increase of oxidative stress causes morphological changes, such as enlargement and thickness of the astrocyte processes, and also more astrocytes. These cells, which take part in the innate immune response, express Toll-like receptors (Okun et al., 2009) , mannose receptors, scavenger receptors, and complement for receptors (Farina et al., 2007) , which can activate the production of immune soluble mediators, including proinflammatory cytokines, and chemokines and neutrophic factors (Farina et al., 2007; Khorooshi et al., 2008) . Astrocytes activate NFkB pathways increasing the neuroinflammation processes. The number of astrocytes also increases in damaged tissue to maintain brain homeostasis. In the model used in this study, the increase of astrocytes is not able to maintain the homeostasis because when the chronic oxidative stress increases, the astrocytes undergo severe morphological alterations (Fig. 7) . 
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Oxidative signals regulate many cellular pathways, such as metabolic and immune ones (Valko et al., 2007) , but when there is an alteration, there is a decline of the cognitive processes of learning and memory (Dorado et al., 2001) (Fig. 8) . The loss of oxidation-reduction balance has, by different pathways, effects on cerebral plasticity (Rivas-Arancibia et al., 2003) . These events could have a linear relation to the mechanisms of cerebral repair, and they have been associated with the ability to generate new cells in the brain. It has been reported that during the aging process, there is a decrease of neurogenesis in the dentate gyrus and also deficiencies in learning and memory processes (Drapeau and Djoher, 2008; Siwak-Tapp et al., 2007) .
Many experimental results strongly indicate that the hippocampus is critically involved in the memory of aversive learning. It has been found that neurotoxic lesions and reversible inactivation of both the dorsal and the ventral hippocampus cause significant impairment of passive avoidance (Cimadevilla et al., 2007; Lorenzini et al., 1996; Quiroz et al., 2003) . In the model used in our work, the chronic oxidative stress state caused alterations in the passive avoidance test. Short-and long-term memory deficits increased as a function of time of exposure to ozone, causing significant amnesia at 15 days of exposure and an increase of deterioration at 90 days of exposure.
Although neurogenesis increases at 30 days of ozone exposure, the results suggest that these cells are not functional, given the altered processes of memory and learning, probably caused by two characteristics of the newly generated neurons; the morphological alterations that make it difficult to establish synaptic connections with neighboring neurons, and, as this model demonstrates, these new neurons are vulnerable to the loss of the redox balance, which causes neuronal death (Fig. 3) .
The effect of the oxidative stress state in the immune system of the CNS is not well understood. Some pathologies such as acute episodes of alcoholism, strokes, encephalic traumas, and other events of acute cerebral damage are involved in oxidative stress and neurogenesis alterations (Wiltrout et al., 2007) . There are reports that in those pathologies, the process of neurogenesis is increased and new neurons are originated in the dentate gyrus of the hippocampus and in the subventricular zone (Lennington et al., 2003) . These neurons are able to migrate to damaged sites, but they are found predominantly in the penumbra zone instead of in the zone that is directly damaged (Li et al., 2008) .
There is no doubt that oxidative signals, caused by as yet unknown mechanisms, modulate these processes of cerebral repair, which owe their success to the ability of the survival of the damaged tissue. This is the reason why some studies report a higher incidence of those cells in the penumbra zone and in places still able to recover, in which an energetic store could allow for synthesis of endogen antioxidant mechanisms, and therefore maintain a redox balance, avoid new cell death, and then allow brain repair (Li et al., 2008) . The loss of a regulated inflammatory response could be related to these altered antioxidant mechanisms, which then is able to explain the association between the CNS inflammation processes and neurogenesis inhibition.
Neurodegenerative disorders are characterized by chronic inflammatory dysregulation, progressive neuronal death, and neurogenesis alteration (Gage, 2002) , which involve glial alteration that prevents cell repair and causes the loss of brain plasticity leading to memory alterations (Fernàndez et al., 2004) .
All the above points to the conclusion that a state of chronic oxidative stress causes a complex process in which continuous loss of oxidation-reduction balance per se is able to act on different levels of the cellular organization. The final result is a progressive degenerative process in which different intracellular pathways are activated involving the regulatory failure of the cellular homeostatic systems and the loss of their physiological functions, maybe resembling what may be happening in degenerative diseases, such as Alzheimer's disease.
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